Introduction
Platelet adhesion to subendothelial matrices in the damaged vessel wall is the prime event in the arrest of bleeding. Recruitment of platelets to sites of vascular injury is hampered by the rapid flow of blood in arteries and arterioles. In these vessels, the interaction between von Willebrand factor (VWF), a multimeric plasma glycoprotein, and the platelet glycoprotein (GP) Ib-IX-V receptor complex is critical for initial platelet adhesion. 1 This interaction requires unfolding of the VWF A1 domain and allows platelets to decelerate until they firmly attach in a process assisted by platelet integrins. 1;2 Defects in both the GPIb-IX-V complex (Bernard Soulier Syndrome) and VWF (von Willebrand disease; VWD) result in a bleeding diathesis, which underscores the importance of this interaction in hemostasis.
3;4
The GPIb-IX-V complex consists of four transmembrane subunits; GPIbα, GPIbβ, GPIX and GPV that are expressed in a 2:4:2:1 stoichiometry. 5 Each platelet contains approximately 25,000 copies of GPIbα, the subunit that binds to the VWF A1 domain. 6 The extracellular domain (residues 1-485) of
GPIbα consists of an N-terminal flank, seven leucine-rich repeats, a C-terminal flank, a sulphated region and a highly glycosylated macroglycopeptide domain. Residues 486-514 form the transmembrane domain and the cytoplasmic tail consists of 96 amino acid residues (residues 515-610), [7] [8] [9] which contain binding sites for multiple intracellular proteins, including filamin A 10 and the adaptor protein 14-3-3ζ. 11 The region that interacts with the VWF A1 domain resides within the concave face of the leucine-rich repeat domain of GPIbα. 12;13 Despite the fundamental importance in initiating platelet adhesion, the molecular mechanism regulating the VWF-GPIbα interaction remains incompletely understood.
Binding of VWF to GPIbα requires the dynamic conditions of flowing blood. The unique biomechanical properties of VWF and GPIbα allow the interaction to strengthen upon increasing hemodynamic drag. 14 An explanation for this counterintuitive finding is that VWF needs to change its conformation to allow GPIbα access to the A1 domain. Elevated shear force and immobilization on a surface trigger this conformational change in vivo, a process mimicked by the antibiotic ristocetin in vitro. 15 The interaction between VWF and GPIbα is also regulated through changes in GPIbα. Its adhesive properties depend on translocation to cholesterol-rich membrane domains known as lipid rafts 16;17 , which may increase the local density of GPIbα receptors and stimulate their signaling properties. Indeed, studies with Chinese Hamster Ovary (CHO) cells in which GPIbα was artificially dimerized have suggested that receptor clustering increases the overall strength of the VWF-GPIbα interaction. 18;19 In an effort to optimize the storage conditions of platelet concentrates used for transfusion, we have recently demonstrated that GPIbα clusters in lipid rafts when platelets are kept at low temperature. 20 Analysis of Förster resonance energy transfer (FRET) by fluorescence lifetime imaging microscopy (FLIM) revealed that cooling of platelets triggers [GPIbα-GPIbα] associations in lipid rafts within a 4 range of 1-10 nm. In the present study, we assessed whether clustering of GPIbα occurs under physiological conditions, investigated its influence on VWF interaction and identified the responsible molecular mechanism.
Methods

Patient
Citrated blood (10.9 mM f.c.) was obtained from a patient with von Willebrand disease (VWD) type 3.
Permission was obtained from the local medical ethics committee. The patient had no detectable plasma VWF (<0.1%), 1% plasma factor VIII, <1% factor VIII activity, no ristocetin-induced platelet aggregation, and normal platelet count and volume.
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Materials, antibodies, platelet preparation and incubations
A detailed description can be found in the Supplementary Methods.
Platelet adhesion and rolling under flow conditions
A parallel plate perfusion chamber 22 was used to investigate platelet adhesion and rolling. Further details are found in the Supplementary Methods.
Exposure to shear force
Platelets were exposed to shear force by perfusion through a microcapillary (inner diameter 760 μ m, blocked with 4% BSA). Washed platelets were resuspended in HT buffer (2.5x10 11 cells/L, pH 7.3)
supplemented with 4% human albumin. Platelet suspensions were prewarmed to 37°C for 5 minutes and perfused through the microcapillary at indicated shear rates for 5 seconds. The length of the microcapillaries was matched with the shear rate, which means that the platelet suspensions have similar shear exposure times at different shear rates. Indicated shear rates are the maximal shear rates to which platelets are exposed near the wall of the microcapillary. The wall shear rate (γ w ) inside a microcapillary is described as Where Q is the volumetric flow rate and r is the inner radius of the microcapillary.
Agglutination
Platelet agglutination was measured in a Chrono-log Lumi-Aggregometer (model 700, Chrono-log Corporation, Haverton, PA) with Aggrolink 8.0 software. Washed platelets in HT buffer were preincubated with prostacyclin (PGI 2 ) analog iloprost and dRGDW (5 minutes, 37°C) and stimulated with VWF (10 μ g/mL) and ristocetin (0.3 mg/mL) with stirring (900 r.p.m.). Data are expressed as percentage of maximal agglutination, with light transmission through HT buffer set at 100%.
Flow cytometric analysis, immunoprecipitations and western blots
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Analysis of GPIbα distribution by FRET/FLIM
GPIbα distribution was analyzed by FRET/FLIM as described. 20 In short, 6B4-Fab fragments conjugated to either Alexa Fluor-488 or Alexa Fluor-594 (6B4-488 and 6B4-594 respectively) were incubated with fixed platelet samples under conditions in which each Fab labeled ~50% of total receptor number. GPIbα translocation to lipid rafts was determined by labeling GPIbα with 6B4-488
and monosialo-tetrahexosylganglioside (GM1) with Cholera toxin subunit B conjugated to Alexa 
Statistical analysis
Data are means ± SEM. Statistical analysis was based on GraphPad Prism 5 (San Diego, CA).
Differences between control platelets and incubations were analyzed by Mann-Whitney test. P-values less than 0.05 (* or * ) and between incubations (|-*-|) were considered significant.
Results
Platelet adhesion to VWF under conditions of flow triggers GPIbα clustering
Platelet adhesion at shear rates above 1,000 s -1 depends on the interaction between surface-bound VWF and GPIbα. 1 We analyzed the effect of this interaction on the spatial distribution of GPIbα on the platelet plasma membrane with FRET/FLIM. Whereas GPIbα molecules were dispersed in resting platelets ( Figure 1 A- Figure S1C) . To investigate whether changes in GPIbα distribution were specific for adhesion to VWF, platelets were perfused over collagen. Adhesion to collagen at a low shear rate (300 s -1 ) in the presence or absence of VWF resulted in FRET efficiencies similar to that observed in resting platelets ( Figure 1D ). Perfusion over collagen at 1,600 s -1 in the absence of VWF had little effect on GPIbα distribution. In contrast, addition of VWF prior to perfusion at 1,600 s -1 increased FRET efficiency to 8.3 ± 0.6%, indicating that clustering of GPIbα requires the presence of VWF.
Exposure to high shear leads to reversible VWF-independent GPIbα clustering
The change in GPIbα distribution measured on surface-attached platelets might be the result of shear, of rolling/attachment or both. To understand the contribution of shear, we perfused platelets in VWFfree buffer through a microcapillary tube at different shear rates in the absence of an adhesive surface.
FRET/FLIM analysis showed that a shear rate of 300 s -1 left GPIbα dispersed. Exposure to 1,600 s -1 had a minor effect on GPIbα distribution, whereas a shear rate of 10,000 s -1 increased FRET efficiency to 9.1 ± 0.6% (Figure 2A ). Addition of exogenous VWF prior to perfusion at a shear rate of 10,000 s -1 did not further increase clustering. Platelet α -granules also contain VWF, 23 which might be released during platelet isolation and therefore influence GPIbα clustering. To address this possibility, experiments were repeated using a nanobody against VWF that prevents its binding to GPIbα.
Exposure of platelets to shear force in the presence of this nanobody led to the same increase in FRET efficiency as control platelets ( Figure 2B ). GPIbα clustering induced by a shear rate of 10,000 s -1 was also similar in platelets from a patient with VWD type 3 (supplemental Figure S2A ), indicating that GPIbα clusters independent of the presence of VWF.
GPIbα clustering was reversible, as exposure to shear followed by incubations under static conditions resulted in a gradual decline to the range found in resting platelets ( Figure 2C ). Platelet exposure to a shear rate of 10,000 s -1 did not result in P-selectin expression, 
Platelet interaction with VWF is stimulated by clustered GPIbα
To clarify whether changes in GPIbα distribution contributed to platelet responsiveness to VWF, 
GPIbα translocates to lipid rafts and forms clusters through 14-3-3ζ binding
Platelet binding to VWF depends on reallocation of GPIbα in membrane domains enriched in sphingomyelin and cholesterol, known as lipid rafts. 16;17 To understand the role of raft allocation in GPIbα clustering, GPIbα was labeled with 6B4-488 (donor) and the raft marker GM1 with CTB conjugated to Alexa Fluor-594 (CTB-594; acceptor). The surface of resting platelets showed little colocalization but adhesion to VWF or exposure to high shear (10,000 s -1 ) induced GPIbα-GPIbα as well as GPIbα-GM1 associations, suggesting that clustering and raft translocation go hand in hand ( Figure   4A ). Disruption of lipid rafts by cholesterol depletion with methyl-β-cyclodextrin (mβCD) effectively abrogated GPIbα clustering. The time-dependent decay of shear-induced GPIbα clusters closely followed raft translocation, again suggesting a tight interrelationship ( Figure 4B ).
Binding of the adaptor protein 14-3-3ζ to the cytoplasmic tail of GPIbα is essential for platelet interaction with VWF. 24;25 To assess the role of 14-3-3ζ in GPIbα clustering, we pre-incubated platelets with MPαC. This membrane permeable peptide represents the critical 14-3-3ζ binding site on GPIbα, which includes the constitutively phosphorylated Ser-609 residue on its cytoplasmic tail.
24;26;27
As expected, the peptide prevented VWF-induced 14-3-3ζ binding to GPIbα (Supplementary Figure   S2 ). Figure 4C shows that pre-incubation with MPαC had little effect on lipid raft translocation induced by platelet adhesion to VWF, but completely abrogated clustering of GPIbα. Control peptide analysis of platelets exposed to a shear rate of 10,000 s -1 provided similar results ( Figure 4D ), demonstrating that 14-3-3ζ binding to the cytoplasmic tail of GPIbα is essential for its clustering. To elucidate the importance of 14-3-3ζ-induced clustering, we determined the rolling velocity of platelets perfused over VWF in the presence of MPαC ( Figure 4E ). While control peptide MαC had no effect, rolling velocity of platelets pre-incubated with MPαC increased more than twofold. Moreover, inhibition of 14-3-3ζ-induced GPIbα clustering impaired stable adhesion to VWF during whole blood perfusion ( Figure 4F ).
Arachidonic acid mediates 14-3-3ζ-induced GPIbα clustering
Platelet interaction with VWF or incubation at low temperature activates the stress kinase P38- Figure 5C ). Control studies confirmed that SB203580 blocked shearinduced P38MAPK phosphorylation/activation whereas the other treatments left the enzyme undisturbed ( Figure 5D ). Treatments that inhibited AA release prevented shear-induced 14-3-3ζ-GPIbα association and blockade of AA degradation and the separate addition of AA preserved the complex ( Figure 5E ). These data indicate that liberated AA binds 14-3-3ζ and facilitates its translocation to the GPIbα cytosolic tail.
20;28
The inhibitors of AA release and degradation affected platelet rolling velocity over a VWF surface.
Inhibition of AA release induced by shear increased the rolling velocity, whereas treatments that preserved accumulation of AA resulted in reduced velocities ( Figure 5F ). These data indicate that the AA-mediated transfer of 14-3-3ζ to the GPIbα cytoplasmic tail induces GPIbα clustering which supports platelet interaction with VWF at high shear.
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Discussion
Our results demonstrate that platelet exposure to high shear leads to clustering of GPIbα and enhances the interaction with VWF. Shear-induced clustering is reversible and not associated with granule release or activation of α IIbβ3. Clustering requires lipid raft translocation and critically depends on AA-mediated 14-3-3ζ binding to the cytoplasmic tail of GPIbα ( Figure 6 ).
Previous studies reported a role for receptor clustering in GPIbα-VWF interaction. 18;19 Experiments with CHO cells showed that intracellular dimerization of a modified GPIbα construct increases the overall bond strength with VWF. We found that GPIbα formed clusters in platelets adhered to VWF after perfusion at a shear rate of 750 s -1 or higher. At these shear rates, platelet adhesion strongly depends on the interaction between GPIbα and VWF, because only this interaction is sufficiently fast and strong to withstand the associated hemodynamic drag. 1 Our results indicate that GPIbα clustering contributes to GPIbα-mediated platelet adhesion to VWF, as inhibition of clustering strongly attenuated both platelet rolling velocity and adhesion.
Initial adhesion to VWF increases the hemodynamic drag on platelets substantially and results in the formation of membrane tethers that are pulled from the cell surface. GPIbα can subsequently undergo a conformational change that further strengthens the interaction.
14 Disruption of lipid rafts by cholesterol depletion strongly impairs platelet adhesion to VWF under conditions of flow, indicating that GPIbα localization to these regions is essential for its function. 16 Lipid rafts are viewed as platforms that can physically concentrate receptors, adaptor proteins and effector enzymes, which lead to amplification of signaling events. We observed little GPIbα localization in rafts on the surface of resting platelets, which increased about threefold upon ligation to immobilized VWF or exposure to high shear in solution. Disruption of rafts prevented GPIbα from clustering. Although translocation was essential for this process, clustering depended critically on the interaction between 14-3-3ζ and GPIbα. with GPIbα directly improves platelet interaction with VWF by allowing receptor clustering. The dimeric nature of 14-3-3ζ supports this finding. 37 Indeed, a similar mechanism has been described in muscle cells, where clustering of the acetylcholine receptor depends on 14-3-3ζ.
38
P38MAPK is a kinase that is responsive to stress stimuli, including alterations in thermal 28 and shear conditions. 39 We found that platelet exposure to shear in solution leads to P38MAPK phosphorylation. 
